[1] Repeated GPS surveys in the Mariana Islands show that the Mariana block is moving apart from the Philippine Sea plate. The velocities of the islands relative to the Philippine Sea plate range from about 15 mm/yr in the northern islands to about 45 mm/yr near Guam. The data also suggest convergence rates for the Mariana forearc with respect to the Pacific plate of 35-45 mm/yr at 19°N increasing to 55-70 mm/yr at 13.5°N. In addition, the velocity vectors show a slight north-south expansion of the arc. The estimated location of the Euler pole of the Mariana forearc with respect to the Philippine Sea plate is well south of the geographical point where the back-arc basin narrows to zero width. 
Introduction
[2] Back-arc spreading of the Mariana Trough is of interest in terms of the mechanism of plate interaction, subduction, and the formation of island arcs. The Mariana Islands consist of active and dormant volcanoes of the Northern Mariana Islands, along with uplifted basement blocks, including Tinian, Rota, and Guam (Figure 1 ). To the east, the Pacific plate is subducting beneath the arc along the Mariana Trench. The Mariana Trough and West Mariana Ridge parallel the islands to the east. The island chain is also called the East Mariana Ridge [Fryer, 1995 [Fryer, , 1996 and its geology, crustal structure and tectonics have been studied by a number of authors [e.g., Karig, 1971a Karig, , 1971b Karig et al., 1978; Hussong and Uyeda, 1981; Fryer, 1995 Fryer, , 1996 .
[3] A wide range of evidence, including ocean-bottom magnetic surveys, has substantiated the hypothesis that the Mariana Trough is spreading at a rate of about 20-30 mm/ yr over the past several million years [e.g., Bibee et al., 1980; Hussong and Uyeda, 1982; Honsho et al., 1997] . In this article, we estimate the velocities of the Mariana Islands using GPS, and use these to discuss the instantaneous movement of the Mariana arc, along with implications for our understanding of back-arc spreading in the Mariana Trough.
GPS Observations and Analysis
[4] We used GPS observations in the Mariana Islands from campaigns in 1992 , 1998 and 1999 , though data at some islands were not available for earlier campaigns. Full data sets for the campaigns in 1992, 1994, 1998 and 1999 were available for AGRI, PAGA, GUGU, ANAT, and MPLC, except for 1994 observations at AGRI. There are several GPS sites on Guam Island; for this study we used the Guam IGS site (GUAM) established in early 1995, in order to avoid the 1993 earthquake effects [Campos et al., 1996] and for better data availability.
[5] We used Bernese version 4.2 software together with International GPS Service (IGS) final orbits. For analysis of the 1992 data, when IGS orbits were not available, we used orbits estimated by Y. Bock (personal communication). We first analyzed data from 1993 to 1999 together with IGS sites TSKB, USUD, TAIW and SHAO, then constrained these latter sites to their coordinates in the ITRF97 reference frame [Boucher et al., 1999] . We then fixed the coordinates using the available pre-defined coordinates at IGS sites. In order to estimate positions in 1992, prior to the availability of most IGS sites, we linearly extrapolated the MPLC velocity to 1992, and other site coordinates were referenced to the MPLC position. We then selected 11 GPS sites in eastern Europe amongst which no significant deformation is observed [Nocquet et al., 2001 ] to define a stable Eurasia reference frame (SERF). Then we estimated transformation parameters of these velocities to ITRF97. Finally, we used these parameters to convert velocity vectors of the sites in the Philippine Sea plate to values relative to the stable European block [Kotake and Kato, 2002] .
Results
[6] Figure 2 shows the observed GPS velocities relative to stable Eurasia (orange arrows) at the Mariana Islands, together with observed velocities at Okino Torishima, Chichi Jima and Minami-Daito Jima. The latter three sites were used to estimate the Euler vector of the Philippine Sea plate relative to stable Eurasia as (61.4 ± 0.5°N, 163.7 ± 0.9°E, 1.00 ± 0.01°/Myr; clockwise motion is taken as positive [Kotake and Kato, 2002] ). The yellow vectors in Figure 2 show the velocities predicted for the Mariana Island sites if they were on the rigid Philippine Sea plate. Table 1 summarizes the estimated velocities of each site in the Northern Mariana Islands and Guam.
[7] The residual motions trend systematically almost due east, indicating that these islands are moving independently of the Philippine Sea plate. This is presumably due to backarc spreading in the Mariana Trough. The opening velocities at each island are also shown in Table 1 .
[8] Assuming that the Northern Mariana Islands are on one rigid block, we estimated its Euler vector relative to the Philippine Sea plate to be (21.5 ± 0.6°N, 144.6 ± 0.2°E, À3.1 ± 0.3°/Myr). However, the post-fitted vectors shown in Figure 3 show small but marginally significant systematic residual velocities such that the northern islands show northward motions while the southern islands show southward motions. The extensional motion between Agrihan and Guam is nearly 12 mm/yr, which amounts to 1.5 Â 10 À8 /yr in strain assuming uniform expansion along the arc.
Discussion

Possible Non-Tectonic Influences on Observed Velocities
[9] Could the estimated GPS velocities (Figure 2 ) have any other explanation than steady tectonic deformation? Possible local disturbing factors include volcanic activity in the northern islands, and the Guam earthquake of August 1993 (M w = 7.7).
[10] Among the Northern Mariana islands occupied in the present study, Pagan is the most active. It erupted with a lava flow in 1981 [Banks et al., 1984] , but has since been less active except for minor eruptions in 1992 and 1993 [Sako et al., 1995] . Although intermittent EDM surveys have been made, no evidence of local crustal deformation has been observed on Pagan Island during the period of GPS surveys [Sako et al., 1995] .
[11] The 1993 Guam earthquake occurred along the Mariana Trench southeast of Guam. Campos et al. [1996] used seismic and geodetic data to show convincingly that the event was a shallow-dipping thrust on the plate interface.
[12] In order to avoid co-seismic disturbance to the estimate of steady tectonic motion in Guam, we did not use any data from 1992 and 1993. The linear nature of the displacement since 1994 is one argument against significant post-seismic transient displacement in the Mariana area. However, we cannot rule out the presence of transient effects with a decadal or longer time constant. Long-tem monitoring of the GUAM GPS site and other surrounding sites would be necessary to substantiate this.
[ 
Opening of the Mariana Trough
[15] The opening of the Mariana Trough began before 5 Ma at 18°N [Masuda et al., 1994; Scott et al., 1981] , but more recently to the north ($3.5 Ma at 22°N; [Yamazaki and Yuasa, 1993; Yamazaki et al., 1993] ) and south ($3.0 Ma at 13°N; [Ishihara et al., 2001] ). There is a suggestion from magnetic fabrics that opening of the trough increases towards the south. Figure 4 compares the opening velocities obtained by GPS with otherwise obtained geological data.
The present results are mostly consistent with these geologically obtained opening velocities.
Along-Arc Extension
[16] The kind of arc-parallel extension observed here is also seen at the Ryukyu arc where back-arc rifting is taking place at the Okinawa Trough [e.g., Fournier et al., 2001; Kubo and Fukuyama, 2003] , and in other back-arc environments. Closer examination of the velocity vectors indicates that the arc is being stretched in a north-south direction. This kind of arc-parallel extension is also observed at the Ryukyu arc where back-arc rifting at the Okinawa Trough is taking place [e.g., Fournier et al., 2001; Kubo and Fukuyama, 2003] , and in a similar environment at the Aegean arc [Gilbert et al., 1994] . The present result might be an example of a general feature of expansion due to the elongation of the arc. However, Kubo and Fukuyama [2003] suggest that a change in direction of subduction from near-normal to oblique at the middle to southern Okinawa trench might be another possible source of arc-parallel extension. In the Mariana area, too, the Pacific plate subducts nearly normally beneath the Mariana forearc but becomes more oblique towards the south due to the curvature of the arc. [17] McCaffrey [1996] estimated present-day arc-parallel strain rates based on the deflections of interplate thrust earthquake slip vectors from their expected directions. He found a uniform extension rate of 1.9 ± 0.4 Â 10 À8 /yr for the Mariana arc, in excellent agreement with our geodetic result.
Location of Euler Pole
[18] The position of the Euler pole derived from GPS (Figure 3) is well to the south of the junction of the Mariana Arc and the West Mariana Ridge located near 23°N. Recent ocean bottom surveys using side-scan sonar, dredging cruises, and submersible dives indicate that the basin from 21°N to 23°N is in the earliest phase of rifting [Fryer, 1996] . If rifting is actively taking place in these areas, the location of the Euler pole would be expected to be north of the position estimated by GPS. Since the GPS sites line up mostly north-south, there is a significant trade-off between latitude and rotation rate in the inversion for the Euler vector. However, since there are other islands north of Agrihan, such as Asuncion, Maug and Uracas where firstepoch GPS observations have already been made, future GPS surveys should more accurately locate the present-day Euler pole.
Conclusions
[19] Repeated GPS surveys in the Mariana Islands indicate that the arc is moving east relative to the Philippine Sea plate. This motion implies spreading in the Mariana Trough, with a spreading rate that ranges from 15 mm/yr near Agrihan to 45 mm/yr near Guam. Subduction rates of the Pacific plate beneath the Mariana forearc range from 35-45 mm/yr near Agrihan to 60-70 mm/yr near Guam. The Euler vector for the Mariana Islands relative to the Philippine Sea plate is estimated to be 21.5 ± 0.6°N, 144.6 ± 0.2°E, and À3.1 ± 0.3°/Myr. The residual motions of each island from the rigid block rotation suggest extension of 1.5 Â 10 À8 /yr between the northern and southern parts of the arc. The estimated position of the Euler pole of the Mariana block is inconsistent with other evidence for back-arc rifting at 21°-23°N.
